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Population geneticsAs RNA viruses evolve rapidly, we hypothesized that a virus could serve as a surrogate to discriminate
recently separated populations of an invasive insect species. Homalodisca vitripennis reovirus (HoVRV) was
used as a surrogate to assess population structure of glassy-winged sharpshooter (GWSS), an invasive
species detected in California ~20 years ago. HoVRV nucleotide sequence polymorphism revealed a
bottleneck in the introduced population, yielded population age estimates consistent with timing of GWSS
discovery in California, suggested gene ﬂow within the native range but not among native and introduced
populations, and could potentially pinpoint source of the introduced population. Collectively, the data
support use of a virus surrogate to deﬁne critical attributes of invasive species populations, with the caveat
that life history of the surrogate must be closely linked to that of the host.d Ave., Parlier, CA 93611, USA.
nger).
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Homalodisca vitripennis reovirus (HoVRV) is a recently described
species of the genus Phytoreovirus (Stenger et al., 2009) infecting the
glassy-winged sharpshooter (GWSS), H. vitripennis Germar. (Hemi-
ptera: Cicadellidae), an invasive insect species discovered in Southern
California in 1990 (Sorenson and Gill, 1996; Blua et al., 1999). HoVRV
is unique among phytoreoviruses; ecological considerations (Stenger
et al., 2009) indicate that the virus is maintained in GWSS populations
at high levels in Southern California (90–100%) in the absence of a
plant host. This intimate association of HoVRV with GWSS and the
absence of detectable deleterious effects on the insect host present a
novel situation in which HoVRV may serve as a surrogate to assess
population genetics of the GWSS host.
Factors contributing to establishment of invasive species are
complex and only partially understood (Allendorf and Lundquist,
2003; Dlugosch and Parker, 2008; Mack et al., 2000). Analyses of
invasive populations typically utilize protein markers or DNA
ﬁngerprinting techniques (for review see Dlugosch and Parker,
2008). Nucleotide sequence datasets, although more precise with
respect to differences among genotypes, generally have not been
applied to invasive species as recently separated populations usually
lack a sufﬁcient number of informative nucleotide substitutions. In
contrast, RNA viruses evolve at a rate that is many log units greater
than that of cellular organisms as generation time is brief andreplication is error-prone (Drake, 1993; Drake and Holland, 1999).
Thus, viruses evolve at rates which may provide insights on
population structure and recent demographic history of their hosts,
as was demonstrated with feline immunodeﬁciency virus resident
within cougar (Puma concolor) populations (Biek et al., 2006).
We hypothesized that population genetics of a virus (HoVRV)
endogenous to an invasive species (GWSS) could serve as a surrogate to
1) differentiate recently separated populations, 2) identify a genetic
bottleneck in an introduced population, 3) establish age of an introduced
population, 4) evaluate gene ﬂow between native and introduced
populations and, 5) identify source of the introduced population. To test
these hypotheses, we examined nucleotide sequence polymorphism
of HoVRV isolated from introduced (California) and native (southeastern
U.S.) populations of GWSS.
Results
HoVRV sequence diversity varies among introduced and native
populations of GWSS
Complete genome sequences (~26 kbp distributed among 12
dsRNA segments) were determined for nine HoVRV isolates
(Table 1, Fig. 1): ﬁve from California (Fillmore, Riverside, Bakersﬁeld,
Mentone, and Pauma1) and four from the southeastern U.S. (NC12,
Robeson, SC20, and Tifton4). Neighbor-joining trees constructed for
each genome segment (Fig. 2) indicated that all ﬁve Californian
isolates share a common node exclusive of isolates from the
southeastern U.S. Phylogenetic placement of southeastern U.S.
isolates varied depending on the segment analyzed, suggesting a
Table 1
H. vitripennis reovirus (HoVRV) isolates completely sequenced.
Isolate Date of collection (year) Location of collection (county, state) Source material compositionb
(number of insects)
Collector GenBank accession (segments 1–12)
Fillmorea 2006 Ventura, CA ~50 Drake Stenger FJ497789–FJ497800
Riverside 2008 Riverside, CA 10 Rodrigo Krugner GU350421–GU350432
Bakersﬁeld 2008 Kern, CA 10 Mark Sisterson GU360264–GU362075
Mentone 2002 San Bernardino, CA 1 Paul Smith GU369682–GU369693
Pauma1 2002 San Diego, CA 1 Jesse De Leon GU370362–GU370373
NC12 2008 Johnston, NC 1 Raul Villaneuva GU384983–GU384994
SC20 2006 Georgetown, SC 1 Wayne Hunter GU390589–GU390600
Robeson 2006 Robeson, NC 3 Wayne Hunter GU395188–GU395199
Tifton4 2002 Tift, GA 1 Jesse De Leon GU437827–GU437838
a HoVRV Fillmore isolate sequenced previously in Stenger et al. (2009).
b Double-stranded (ds)RNA of Fillmore isolate extracted from puriﬁed virions; dsRNA of remaining isolates recovered from total nucleic acid samples.
54 D.C. Stenger et al. / Virology 407 (2010) 53–59history of segment reassortment. Pairwise sequence diversity
(Table 2) among Californian isolates was limited (4 to 29 substitu-
tions/genome; 0.02% to 0.11% nucleotide sequence divergence;
π=0.0006±0.0001) compared to that among southeastern U.S.
isolates (195 to 280 substitutions/genome; 0.76% to 1.09% nucleotide
sequence divergence, π=0.0091±0.0006) or between Californian
and southeastern U.S. isolates (291 to 345 substitutions/genome;
1.14% to 1.35% nucleotide sequence divergence, π=0.0123±0.0007).
Most substitutions in HoVRV coding regions were synonymous
(dS) rather than nonsynonymous (dN), both within the Californian
(dN=0.0003±0.0001, dS=0.0018±0.0003; dN/dS=0.1685) and
southeastern U.S. (dN=0.0028±0.0003, dS=0.0316±0.0016; dN/
dS=0.0886) groups and between groups (dN/dS=0.082). Tajima's D
tests were non-signiﬁcant for all dsRNA segments, ranging from
−1.21 to 0.687, and McDonald–Kreitman tests were non-signiﬁcant
for all encoded open reading frames except that encoded on segment
5 (P=0.049), suggesting that this ORF is subject to more intensive
purifying selection relative to the other ORFs.Whereas there were 140
ﬁxed synonymous substitutions between the Californian and south-
eastern U.S. groups, ﬁxed nonsynonymous substitutions between
groups totaled only 30 and were distributed among 11 of 12 dsRNA
segments, ranging from zero (segment 5) to ﬁve (segment 12).
To assess diversity within local populations, sequences for HoVRV
segment 11 from nine individual insects each from Riverside, CA and
Johnston Co., NC were obtained. Among Riverside isolates, all but one
were identical to the sequence reported for the Riverside complete
genome (the 10th varied at only one nucleotide position). However,
only one of nine Johnston Co. isolates yielded a segment 11 sequence
identical to that reported for the complete genome of NC12; the
remaining eight isolates yielded sequences that diverged by up to
1.5%. Whereas all Californian segment 11 sequences clustered at aFig. 1. Map depicting locations from which H. vitripennis reovirus isolates were
collected as infected glassy-winged sharpshooters.single node, the nine additional Johnston Co. segment 11 sequences
were distributed throughout the neighbor joining tree (Fig. 3). Thus,
the native population appears to lack structure, implying gene ﬂow
among the different locations sampled in the SE US but not between
the SE US and California.
Estimates of molecular clock rate and time to most recent common
ancestor (TMRCA) of the Californian population
Analysis of all 13 open reading frames of the ﬁve Californian
HoVRV isolates showed no evidence for recombination, meaning the
data set was suitable for Bayesian evolutionary analysis. The HKY
model (Hasegawa et al., 1985) of nucleotide substitutions was found
to best ﬁt the data and was used in coalescent analyses (Drummond
and Rambaut, 2007) to estimate evolutionary rate (molecular clock)
and age of the Californian population with ﬁve demographic models.
Markov chain Monte Carlo (MCMC) runs did not converge for the
logistic growth model and all analyses using a relaxed molecular clock
failed to achieve tree likelihood effective sample size (ESS) values above
100 after 10 million MCMC runs. Therefore, only results using a strict
molecular clock are reported for the four models where MCMC runs
converged. Median clock rate estimates (Table 3) ranged from
1.662×10−5 substitutions/site/year (exponential growth model) to
5.502×10−5 substitutions/site/year (constant size model). These
molecular clock rates translate to change in virus isolate consensus
sequence of 0.4 to 1.4 nucleotide substitutions/genome/year. Bayes
factors (BF) for the constant size model, relative to the exponential
growth, expansion growth, and Bayesian Skyline plot (BSP) models
were 195.578, 0.975, and 3.033, respectively. Thus, only the exponential
growth model was signiﬁcantly worse (BFN20; Drummond and
Rambaut, 2007) than the constant size model. ESS values were above
200 for all models except exponential growth, indicating that posterior
distributions of parameter estimates were well represented for the
constant size, expansion growth, and BSP demographic models.
Median estimates (Fig. 4) of TMRCA for the Californian isolates
ranged from 11.6 years (constant size model) to 26.3 years (BSP). Error
estimates (upper and lower 95% high probability density) generated
relatively narrow ranges for all demographic models except BSP which
had a much larger 95% upper limit relative to other models. ESS values
for TMRCA indicated good representation (ESSN200) of parameter
estimates by posterior distributions for the constant size model
(1834.733), expansion growth model (5073.710), and BSP (913.195)
but not for the exponential growth model (10.395). Intuitively, the
expansion growthmodel (median TMRCA=19.9 years) would seem to
be most applicable to describe a situation where a small founding
population experienced rapid population growth following a genetic
bottleneck. Thus, using the median derived from the expansion growth
model as the best estimate, the most recent common ancestor of the
Californian HoVRV genotypes dates to 1988.
Fig. 2. Phylogenetic relationships among nine isolates of H. vitripennis reovirus. Presented are neighbor joining trees (1000 bootstraps) based on complete nucleotide sequences for each HoVRV segment (S1–S12). Isolates from California are
indicated in red; isolates from the southeastern U.S. are indicated in black. In cases where two or more isolates yielded identical sequences, isolates are designated by single letter codes (F=Fillmore, P=Pauma1, M=Mentone, R=Riverside,
and B=Bakersﬁeld). Nodes with bootstrap values ≤50% were collapsed to polytomies.
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Table 2
Pairwise comparison of nucleotide sequence polymorphism among complete genomes of nine H. vitripennis reovirus isolatesa.
Southeastern U.S. isolates Californian isolates
Tifton4 Robeson SC20 NC12 Pauma1 Mentone Riverside Bakersﬁeld
Californian
isolates
Fillmore 295
(1.15±0.09)
306 (1.19±0.07) 310 (1.21±0.06) 331 (1.29±0.09) 4 (0.02±0.01) 13 (0.05±0.01) 6 (0.02±0.02) 19 (0.07±0.02)
Bakersﬁeld 291
(1.14±0.08)
314 (1.22±0.07) 311 (1.21±0.06) 343 (1.34±0.09) 18 (0.07±0.02) 29 (0.11±0.02) 25 (0.10±0.02)
Riverside 304
(1.19±0.09)
312 (1.22±0.07) 312 (1.22±0.06) 340 (1.33±0.08) 11 (0.04±0.01) 20 (0.08±0.02)
Mentone 305
(1.19±0.09)
316 (1.23±0.08) 320 (1.25±0.07) 345 (1.35±0.09) 15 (0.06±0.01)
Pauma1 296
(1.15±0.09)
308 (1.20±0.07) 311 (1.21±0.06) 330 (1.29±0.09)
Southeastern
U.S. isolates
NC12 230
(0.90±0.07)
245 (0.96±0.08) 280 (1.09±0.08)
SC20 220
(0.86±0.06)
233 (0.91±0.06)
Robeson 195
(0.76±0.06)
a Values reported indicate total number of polymorphic sites; number in parentheses indicates % nucleotide sequence divergence±% standard error.
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Surrogate virus population genetics distinguished introduced and native
populations of an invasive species
We hypothesized that HoVRV could serve as a surrogate to describe
GWSS populations. Collectively, the data support our contention that
nucleotide sequence polymorphism of a virus represents a useful
approach for characterizing invasive insect populations in a fashion
similar to that applied by Biek et al. (2006) to populations of a large
mammal rebounding from early 20th century bottlenecks. The data
yielded population structures expected for that of new (introduced,
bottlenecked) and old (native, diverse) populations. For example, the
dN/dS ratio of California sequences was about double that of the
southeastern U.S. sequences, consistent with expectations for a lowerFig. 3. Sequence diversity of H. vitripennis reovirus (HoVRV) single insect isolates
collected at two locations. Presented is a neighbor joining tree (1000 bootstraps) based
on HoVRV segment 11. HoVRV isolates collected from Johnston Co., NC are indicated in
green; isolates collected from California are indicated in red; isolates collected from
other locations are indicated in black. Note that 9 of 10 Riverside sequences were
identical and are indicated collectively as R(9 isolates). Isolates from other locations in
California that yielded sequences identical to the nine Riverside isolates are abbreviated
as F (Fillmore), and P (Pauma1). Nodes with bootstrap values ≤50% were collapsed to
polytomies.effective population size for the California population (Charlesworth,
2009; Eyre-Walker et al., 2002). These results are consistent with
concurrent introduction of a small founding population (of both GWSS
and HoVRV) to California and suggest lack of gene ﬂow (e.g., multiple
introductions) amongnative and introducedpopulations, as only a single
HoVRV lineage was recovered from California. A corollary to the
concurrent introduction hypothesis is that a viral genotype very similar
to the Californian genotypes should be present within the GWSS native
range. That most ﬁxed substitutions in the Californian population were
synonymous suggests a lack of differential selection among introduced
and native populations (with respect to HoVRV infection), such that the
‘smoking gun’ genotype is likely extant and, if recovered from the native
range, could pinpoint a source from which GWSS invaded California.
However, as the native population appears to lack structure (e.g., there is
gene ﬂow among locations) and appears to contain a large number of
genotypes (e.g., sequence space occupied by 1% divergence is large),
ﬁnding the ‘smoking gun’ genotype likely would require extensive
sampling.
Estimates of evolutionary rate of a phytoreovirus compared to that of
other viruses
Duffy et al. (2008) have summarized evolutionary (substitution)
rates for different classes of viral genome: ssRNA (~10−3 to ~10−5),
ssDNA (upper and lower range limits slightly less than that of ssRNA
viruses), dsDNA (~10−5 to 10−9), and retroviruses and related
elements (10−3 to ~10−8) but did not examine rates of substitu-
tions/site/year for dsRNA viruses. Here, we estimated evolutionary
rate of the HoVRV Californian population to be ~1.6 to 5.5×10−5
substitutions/site/year, based on the median clock rates derived from
the four demographic models, with the most appropriate demo-
graphic model (population expansion) yielding a median evolution-
ary rate for HoVRV of ~3.4×10−5 substitutions/site/year. Duffy and
Holmes (2009) caution that dated samples obtained over shorter time
spans may overestimate actual substitution rates as some polymorph-
isms may be transient in the population and have yet to be purged by
purifying selection. Even taking this possibility into account, the
evolutionary rate of the HoVRV Californian population appears to
correspond to the lower limit of that calculated for ssRNA viruses. In
contrast, an evolutionary rate of ~10−3 substitutions/site/year was
reported for an avian reovirus using regression analysis (Liu et al.,
2003), corresponding to the upper limit for ssRNA viruses. However,
Jenkins et al. (2002) indicate that regression analysis lacks statistical
rigor as distance data points cannot be considered to be independent
since virus isolates share some phylogenetic history. Jenkins et al.
Table 3
Estimates of molecular clock (evolutionary) rate for the Californian population of H. vitripennis reovirus.
Demographic model Molecular clock rate (nt substitutions/site/year) Clock rate (ESS valueb)
Mean Median Lower 95% HPDa Upper 95% HPDa
ConstantSize 5.418×10−5 5.502×10−5 3.477×10−6 8.857×10−5 2246.361
Exponential Growth 1.815×10−5 1.662×10−5 8.827×10−6 3.164×10−5 15.176
Expansion Growth 3.301×10−5 3.141×10−5 5.598×10−6 6.165×10−5 4718.900
Bayesian Skyline Plot 2.320×10−5 2.150×10−5 4.696×10−8 4.859×10−5 2970.348
a HPD=High probability density.
b ESS=effective sample size.
57D.C. Stenger et al. / Virology 407 (2010) 53–59(2002) used a maximum likelihood approach to determine substitu-
tion rates for three reoviruses and reported values ranging between
3.0 and 5.8×10−4 substitutions/site/year. Thus, the range of
substitution rates calculated for dsRNA viruses appears to be similar
to that of ssRNA viruses (e.g., ~10−3 to 10−5). This is, perhaps, not
surprising since both classes of virus employ RNA directed RNA
polymerase for replication.
How is it that that viruses of the same general class have estimated
evolutionary rates that differ by ~100-fold? Whereas a proportion of
variation in substitution rates is dependent on the calculation method
employed (e.g., artifactual), the remainder results from biological
(and therefore, interesting) differences among viruses. Although
differences in mutation rate (substitutions/site/round of replication)
of the polymerase may account for some of the difference in
evolutionary rates among similar viruses, Duffy et al. (2008) indicate
that differences in generation time (shorter vs. longer), transmission
(direct vs. vector borne; horizontal vs. vertical), and selection
(positive vs. purifying) may affect evolutionary rates. Differences in
rates of recombination and/or reassortment also must be considered,
as such events result in simultaneous introduction of multiple
substitutions that inﬂate estimates of substitutions/site/year. For
HoVRV, evolutionary rate was based upon diversity resident in an
isolated population that had experienced a recent bottleneck andFig. 4. Age of the Californian H. vitripennis reovirus population. Time to most recent
common ancestor (TMRCA) was estimated using four demographic models and a strict
molecular clock. Height of bars represents median TMRCA (years) with values indicated
above. Error bars denote 95% high probability density value intervals. Red arrow/line
denotes timing of GWSS detection in California.which displayed phylogenetic congruence among all 12 dsRNA
segments. Thus, an evolutionary rate of ~10−5 substitutions/site/
year may be considered a basal rate of substitution in which inﬂation
due to recombination and/or reassortment is minimized, as the
isolated Californian population simply did not have access to more
diverse genotypes from which to acquire alternative alleles at
multiple sites simultaneously via reassortment and/or recombination.
Bayesian evolutionary analysis to estimate TMRCA of HoVRV establishes
an estimate of GWSS introduction to California
Actual founding dates for most populations examined by Bayesian
evolutionary analysis predate historical records and are, therefore, not
known. An interesting aspect of this study is that timing inferred by
Bayesian evolutionary analysis of dated sequences can be compared
with observed chronology of GWSS discovery and spread in California.
Although the earliest GWSS specimens from California date to 1990,
the population at that time was already established (Sorenson and
Gill, 1996; Blua et al., 1999). Assuming concurrent introduction of
HoVRV and GWSS, an introduction date of 1988 predicted by the
expansion growth model (median estimate) suggests that GWSS
introduction preceded the ﬁrst detection in California by ~6–9
generations (2 to 3 per year). Alternatively, earlier dates of
introduction are derived from the exponential growth (1984) and
BSP (1981) models based on median population age estimates,
suggesting that GWSS may have gone undetected in California for as
many as 30 generations after introduction.
Utility/limitations of surrogate virus nucleotide sequence polymorphism
to describe invasive species populations
Despite high resolution of nucleotide sequence data for viruses
relative to their hosts, use of such datasets to describe attributes of
invasive species populations has limitations. Of paramount importance
is recognizing that population genetics data obtained are those of the
virus and not of the host. How applicable conclusions drawn from the
virus surrogate are to the invasive species host of interest is dependent
upon degree of life history linkage among host and virus. Factors
contributing to life history linkage include mode of transmission
(vertical vs. horizontal), host range (restricted vs. broad), effects of
viral infection on host ﬁtness (virulence), and frequency of infection
within and between populations. For HoVRV, convergence of life history
with its host appears to be high albeit not identical. HoVRV has no
obvious pathogenic effects (Stenger et al., 2009), appears restricted to
GWSS (Stenger et al., 2009), and belongs to a group of viruses for which
vertical transmission is common (Honda et al., 2007). The least
favorable attribute of HoVRV is that frequency of infection varies
among GWSS populations (Stenger et al., 2009) and uninfected
individuals cannot be tracked using HoVRV as a surrogate marker.
Nonetheless, when conclusions based on high resolution nucleotide
sequence data for the surrogate virus described here are considered in
context with lower resolution data obtained for GWSS by DNA
ﬁngerprinting (De Leon et al., 2004) or mitochondrial DNA (Smith,
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we believe that the approach may be applied to other invaders
harboring endogenous viruses, with the caveat that life history of the
surrogate must be closely linked to that of the invasive species.
Materials and methods
Virus isolates
Sources and collection dates of completely sequenced HoVRV
isolates recovered from GWSS populations are described in Table 1,
with locations of collection displayed graphically in Fig. 1. Field
collected insects from Riverside and Bakersﬁeld, CA were collected
live and subsequently stored at −20 °C until extracted for nucleic
acids. Insects from Pauma and Mentone, CA, Tifton, GA, and Johnston
Co., NC were preserved in ethanol upon collection and subsequently
shipped to Parlier, CA for extraction of nucleic acids. Samples from
Robeson Co., NC and Georgetown Co., SCwere shipped to Parlier, CA as
total nucleic acid samples.
Cloning and sequencing of HoVRV dsRNA
The complete genome sequence of HoVRV-Fillmore was described
previously (Stenger et al., 2009). In the current work, complete
genomes of four additional HoVRV isolates each from California and
the southeastern U.S. (Table 1) were cloned from pooled samples of
3–10 insects (Riverside, Bakersﬁeld, and Robeson) or single insects
(Mentone, Pauma1, NC12, SC20, and Tifton4) and examined for
nucleotide sequence polymorphism. To assess variation within local
populations, total nucleic acid samples were extracted from nine
additional individual insects from each of two populations (Riverside,
CA and Johnston Co. NC).
Presence of HoVRV dsRNA in total nucleic acid samples extracted
from ﬁeld-collected GWSS was veriﬁed by reverse transcription-
polymerase chain reaction (RT-PCR) for a 531 bp fragment of segment
11 as described (Stenger et al., 2009). Total nucleic acid samples testing
positive for HoVRV infection were subsequently used as templates to
amplify complete sequences for segments 5–12 as full-length products,
or as two to three overlapping amplicons for segments 1–4. RT-PCR
conditions were as described previously (Stenger et al., 2009);
sequences of primers are listed in Table 4. Gel puriﬁed amplicons
were ligated to pGEMT-easy (Promega, Madison, WI, USA); ligation
products were used to transform Escherichia coli JM109. Consensus
sequences were compiled based on a minimum of three independentTable 4
Primers used for RT-PCR ampliﬁcation of H. vitripennis reovirus (HoVRV) dsRNA segments.
dsRNA segment Amplicon coordinatesa Forward (+ s
1 1–1600 GGCGTTTCAC
1561–3000 CGAAAGCAAT
2961–4475 ACGCCATCAA
2 1–1622 GGCGTTTGCG
1561–3522 AGCACACGTG
3 1–1662 GGCAGATCTT
1595–3180 CACGAGACTG
4 1–1343 GGCATTTTCTG
1201–2559 ATCGATAGTT
5 1–2521 GGCATCAGTT
6 1–1665 GGCATGAACG
7 1–1702 GGCATACAAC
8 1–1434 GGCAAGAGA
9 1–1187 GGCAAAAATC
10 1–1205 GGCATGAAAG
11 1–1234 GGCATTTTCTC
12 1–1040 GGCATGTTAT
a Coordinates based on positive-sense strand nucleotide sequence of HoVRV Fillmore dsRclones per RT-PCR product. GenBank accession numbers for complete
genome sequences are listed in Table 1. GenBank accession numbers for
HoVRV segment 11 from single insect isolates from Riverside, CA and
Johnston Co, NC are GU437839–GU437847 and GU437848–GU437856,
respectively.Sequence analyses
Consensus sequences for each dsRNA segment were manually
aligned using SE-AL (http://evolve.zoo.ox.ac.uk). Calculation of
genetic distances, sequence diversities, and neighbor joining phylo-
genetic analyses were done using MEGA 4 (Tamura et al., 2007).
Standard errors of sequence diversities were estimated in MEGA 4
using 1000 bootstrap replications. McDonald–Kreitman (McDonald
and Kreitman, 1991) and Tajima's D (Tajima, 1989) tests of neutrality
were done using DnaSp 5 (Librado and Rozas, 2009). Neighbor joining
trees were based on 1000 bootstraps, with nodes lacking ≤50%
support collapsed to polytomies. Mean numbers of non-synonymous
(dN) and synonymous (dS) nucleotide substitutions per site in coding
regions were estimated by single likelihood ancestor counting (Pond
and Frost, 2005a) implemented in the HYPHY program (Pond and
Frost, 2005b) web server (www.datamonkey.org), with the appro-
priate nucleotide substitution model determined by MODELTEST
(Posada and Crandall, 1998) on a neighbor joining phylogenetic tree.
The GARD program, also on the datamonkey server was used to test
for potential recombination events.
For each HoVRV genome, the 13 open reading frames (one each for
segments 1–10 and 12, and two for segment 11) were concatenated
into a single sequence and aligned. The best-ﬁtting model of
nucleotide substitution was determined using MODELTEST (Posada
and Crandall, 1998) and PAUP (Swofford, 2003). Evolutionary rates of
nucleotide substitution per site per year (molecular clock) and TMRCA
were estimated with the Bayesian MCMC method (Drummond and
Rambaut, 2007) available in the BEAST package version 1.4.8 (beast.
bio.ed.ac.uk/). Both strict and relaxed (uncorrelated lognormal)
molecular clocks (Drummond et al., 2006) were utilized for each
dataset. Five demographic models (constant size, exponential growth,
logistic growth, expansion growth, and BSP; Drummond et al., 2005)
were used as priors for coalescent analysis. Three independent MCMC
(10,000,000 steps) were run for each model with the ﬁrst 1,000,000
chains discarded as burn-in. Comparison of values obtained for
likelihood as well as effective sample size (ESS) values of MCMC
results were summarized using TRACER 1.4, part of the BEAST
package. Bayes factors for tree likelihoods (Suchard et al., 2001),ense) Reverse (− sense)
AACGTCTGCATGTCA TATGACGCTGTAGATATCTCACC
CATAGAAGGTGAG ACTTATATGTGTCATGTGGTCC
AGACATCAGGAC ATCATTTATCACACGTCC
ACGATGGCGTAC ATTTGAGGCATTCTACGGCGCC
ATGAATAATGAT ATCATTTTACTCCACATACACG
GACTATCGTATT TGTTCGTTGGCAGAATTGGGGA
TTAGAGTTCA ATCATATATCTTTAACTACCAT
CTACTTAGACG GTCTAGGCCTATTGTTTATAGAC
CCCGTTGAAGCTG ATCGTTACTCTGCTGTCGTGTA
GGATGTGATTCGA ATCAAATAGTTGTAACATGAC
CCTGAAAAGAAAATC ATCATTGAACACCACTATACCTTGT
GGTAACGTGTGTATC ATCATTAAAACGATAACGTTCTCG
GAGATCTGAGACA ATCATTGAGAGTTTAACCACCA
TGCTAGATAATGTCGGGA ATCGTTAAATCTGCTTAGCAAGAAGCC
CGAAGTTGTGCACAT ATCATATAAAAGCTAATTGCGGACG
CTGAATCTGCAAATTAC ATCATTTATTCCCCGGCTACCAACGTCA
GCTATAGGAATGTCCAGT ATCATTTATATGCTAATTACCACGAGTGAG
NA segments.
59D.C. Stenger et al. / Virology 407 (2010) 53–59also implemented in TRACER, were used to compare demographic
models with values N20 (Drummond and Rambaut, 2007) being
considered a signiﬁcant difference.
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